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Riley, Lee E., M.S., May 1984 Forestry
The Heritability of Drought Resistance in Ponderosa Pine (Pinus 
ponderosa) Outplanted in Colstrip, Montana (54 pp.)
Director: Dr. George M. Blake
Forty-five open pollinated progeny from each of seventy-five 
native ponderosa pine trees were outplanted on reconstituted soils 
in Colstrip, Montana during the fall of 1981. The objective was 
to screen for the ability to survive and grow on reconstituted 
soils and correlate progeny performance with parent tree 
performance. In the summer of 1983, survival data were measured. 
Pre-dawn moisture stress readings were taken in July, August, and 
September on twenty parents and ten progeny of each parent. The 
parent-progeny correlation for drought resistance was not high. 
However, drought resistance, as measured by leaf water potential, 
displays fairly good heritability. Significant difference exists 
between families of native ponderosa pines with respect to both 
leaf water potential and survival.
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INTRODUCTION
The Federal Surface Mining Control and Reclamation Act 
of 1977 and Montana's Strip and Underground Mine Reclamation 
Act of 1977 require the re-establishment of permanent, 
diverse, self-regenerating vegetative cover on regraded mine 
soils. Reclaimed acreages must have vegetative cover 
composed of at least fifty percent native species and woody 
species must have comparable stocking levels to unmined
areas (Montana Department of State Lands 1982).
For the past decade, an effort has been made to 
reestablish ponderosa pine on mined lands in Colstrip, 
Montana, In 1979, several interrelated studies were begun 
by the University of Montana in this area.
The Colstrip area, which is located in the eastern part
of the state approximately 100 miles east of Billings, is
classified in the Southeastern Montana Forest Region, or the 
ponderosa pine savannah type (Arno 1979). Typically, the 
area is a mosaic of mixed prairie grassland and pine
woodland with localized areas of riparian vegetation. 
Grasses of the area are mainly cool season. However, 
warm-season grasses are also present, especially in 
locallized areas (Coenenberg 1982). Ponderosa pine (Pinus
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
P age 2
ponderosa) and juniper (Juniperus scopulorum and 
horizontalis) are the most common tree species, being 
largely associated with north sideslopes of ridges, knolls, 
and buttes (Richardson 1981).
Richardson (1981) studied the regeneration strategies 
for conifer stands around Colstrip. Uneven-aged 
regeneration occurs in a variety of microsites, but partial 
shading seems to be important. However, most pine mortality 
occurs within the first three years, with drought, 
insolation, and root competition as the probable causes of 
mortality.
Water stress studies have been initiated to 
characterize the causes, extent, and duration of water 
stress in both natural stands (adapted to stress) and 
planted seedlings with variable adaptation to stress. The 
next step is the identification of populations with superior 
potential for avoiding or withstanding water stress.
The objective of this study was to examine the drought 
resistance of native ponderosa pine in the Colstrip area, 
or, to be more specific:
(1) Correlate progeny performance with that of the 
parent with respect to plant moisture stress
(2) Compare family differences based on plant moisture 
stress mortality.
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(3) Estimate heritability of drought resistance based 
on plant moisture stress by comparing covariance of parent 
and progeny and analysis of variance components.
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LITERATURE REVIEW
Juvenile-Mature Correlations
Since the beginning of tree improvement, foresters have 
been faced with the dilemma of determining the optimum age 
for selection in genetic tests. The question of how much 
gain per generation can be sacrificed in the interest of 
saving time is important. Selection must take place at some 
time before rotation age, i.e. early selection, to shorten 
the breeding generation. However, the breeding generation 
can be shortened only at the expense of gain per generation 
since the performance of genotypes at young ages could be 
imperfectly related to that at maturity. Performance at 
maturity is of prime importance (Lambeth 1980, Franklin and 
Squillace 1973).
To date, most work attempting to relate juvenile traits 
to traits of mature trees have been grouped into one of 
three categories: (1) studies assessing the value of making
nursery bed selections, (2) studies utilizing provenance and 
progeny test data in an attempt to statistically relate 
growth at an early age to growth at later ages, and (3) 
studies comparing juvenile growth under simulated field 
conditions to actual field performance (Waxier and van
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Buijtenen 1981). Studies assessing nursery-bed selection 
and attempts to statistically relate early results of 
provenance and progeny test data to later results have not 
been very reliable. This unreliability is possibly a result 
of inexplicable genotype x environment interactions. But 
recent studies comparing juvenile growth under simulated 
field conditions to actual field performance have revealed 
some positive results (Hill 1970).
Strategies for dealing with juvenile-mature phase 
change vary according to the genetic and environmental 
characteristics of the traits involved. For traits such as 
wood density and fibre length, studies have shown that 
single samples at almost any age will yield good estimates 
of relative whole-tree values for individuals and families 
because variation patterns with age are systematic and very 
regular. In contrast, parameters measuring growth rate are 
influenced by age and environment to a much greater extent 
(Franklin 1977).
Oleoresin yield appears to be one of the easiest traits 
to work with in juvenile stages, since heritability and 
juvenile-mature correlations are quite high. However, 
Franklin and Squillace (1973) studied oleoresin yields in an 
attempt to select for a multi-product strain of slash pine 
(Pinus elliottii Engelm.). In oleoresin yields of selected 
second generation 19-year parent trees compared with yields
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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of 3-year offspring, both parents and offspring showed
little variation and low offspring-parent correlation
(r=0.18). But other traits based on the same parent trees
at 25 years and their 3-year offspring showed relatively 
large amounts of variation and moderate to strong 
offspring-parent correlations in height (r=0.56), volume 
{r=0.43), turpentine (r=0.71), ethanol-benzene extractives 
(r=0.38), specific gravity (r=0.43), pre-dawn moisture 
content (r=0.34).
Measures of growth have also been a popular, although 
somewhat unreliable, subject of juvenile-mature
correlations. Until recently, most genetic analysis of 
juvenile-mature relationships in growth traits has been 
based on estimates of phenotypic correlations of provenance 
or family means. Correlations have generally been high or 
at least positive and conclusions were that selection based 
on juvenile traits was effective. However, the magnitude of 
environmental effects and the timing of their maximum impact 
has largely been ignored (Read 1980).
Cannell et al. (1978) found the growth rate among 
families of loblolly pine seedlings to be significantly 
correlated to field volumes of the same families at age 8. 
The correlations increased by relating field volumes at
age 8 to measurements of seedlings grown under moisture 
conditions which simulated those influencing growth in the
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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field.
Waxier and van Buijtenen (1981) analyzed the genetic 
variation, at the seedling stage, of known fast- and 
slow-growing open pollinated loblolly pine families tested 
over a range of moisture regimes. Seedling growth 
parameters were related to later field performance of the 
same families tested over a range of site conditions. Their 
results indicated that genetic differences appear quite 
early, i.e. 12 weeks of age, in the development of loblolly 
seedlings, and that overall shoot weight and shoot root 
ratio of seedlings grown over a range of moisture regimes 
could potentially be used to predict field performance.
Ying and Morgenstern (1979) measured parent trees in 
natural stands of white spruce (Picea glauca [Moench] Voss) 
and their progenies from open pollination in an attempt to 
evaluate selection methods, calculate heritabilities, and 
investigate juvenile-adult correlations. Considerable 
variation was found among progenies in height growth, but 
progenies of taller, narrow-crown parents were not 
significantly taller than progenies of shorter, 
broad-crowned parents.
Namkoong et al. (1972) and Namkoong and Conkle (1976) 
studied age-related variation in the genetic control of 
height growth in ponderosa pine and Douglas-fir. These
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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studies found that families change growth form with time 
rather than continue in earlier patterns. Correlations of 
family effects indicated that the performance of families 
before the twelfth year are poor indicators of later 
performance. Correlations were high only when juvenile age 
classes, i.e. age 8 and under, were compared among 
themselves, or when more mature age classes, i.e. age 20 
and older, were compared among themselves.
Results of these recent studies show extremely large 
changes in the relative magnitude of genetic and
environmental effects on height growth during stand 
development. These changes may be caused by the onset of
competition in the stands and thus related to factors of the
environment such as site quality and stocking. Until these 
relationships are understood, juvenile measures of growth 
should be regarded with skepticism (Franklin 1977).
The reliability of heritability estimates based on 
juvenile materials is a major area of concern. If these 
estimates are less than true value, efforts might be 
abandoned to improve a given trait or an overly complex 
selection and testing program might begin to achieve the
desireable gain. If the estimates are inflated, a given 
breeding program will yield less than the expected gain 
(Steinhoff and Hoff 1971, Squillace et al. 1967). When 
possible, studies on the value of early tests should be
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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conducted chiefly at the level of progeny families from the 
same stand, for characteristics other than growth, and in 
unfavourable environments, i.e. severe drought or cold 
(Nanson 1969).
G.g.n9.tYP..iç Yaciatiw In Prvyght al Forest Tcaa
Spgçies
While it is difficult to classify sites on a 
quantitative basis, it is extremely useful to forest 
managers to know if site differences result in populations 
which are genetically distinct in the ability to avoid, 
tolerate, or respond to moisture stress (Feret 1982).
Evidence of ecotypic or racial variation has been reported 
for many tree species. In most cases, the variation has 
been associated with localities differing greatly in
latitude, longitude, or elevation and covering widely 
separated portions of the total range of the species 
concerned (Squillace and Bingham 1958). Variation occurring 
within relatively small portions of the total range of the
species has received less attention.
The study and selection of species for drought 
adaptedness is practical only when the character of interest 
is easily measured and the environmental component of 
variation is minimized (Kelliher and Tauer 1980). 
Adaptations of various species to environments of low
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moisture have been measured in various ways.
Examples of the deciduous species which have been 
tested for genetic variation in drought resistance are 
eastern cottonwood and eucalyptus. Posey (196 9) and Farmer 
(1970) found that, among geographic sources of eastern 
cottonwood, shoot/root ratios differed significantly among 
clones, as did the production of stem and root per unit of 
final leaf weight.
Kelliher and Tauer (1980) found that, even under
well-watered conditions, there appeared to be a difference 
in stomatal resistance between wet site and dry site 
cottonwoods.
Studies on Eucalyptus viminalis have also found 
populations in dry habitats to be more tolerant of drought 
periods than populations in moist habitats. The populations 
appeared to differ in root/shoot ratios, with the dry 
populations having higher root/shoot ratios than those found 
in higher rainfall populations (Ladiges 1974).
Scholz and Stephan (1982) and Zobel (1974) found that
Abies grandis populations from the coastal provenances of 
Washington and Oregon were highly affected by drought
whereas those from the provenances of the eastern slopes and 
higher elevations in the Cascade range of Oregon were 
minimally affected.
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Lodgepole pine (JEinus contorta) also grows throughout a 
diverse range of climatic conditions. Through selection, 
differences in drought resistance exist among lodgepole pine 
provenances (Knapp and Smith 1981). Dykstra (1974) found 
marked variation in growth, distribution of assimilate, 
survival, and tree water potentials to exist in variants of 
lodgepole pine.
Baldwin and Barney (1976) used leaf water potential in 
their study of the provenance differences in ponderosa pine. 
They found that trees found on dry sites in Idaho had higher 
leaf water potential than wetter Colorado sites. This was 
probably not only related to lower shoot/root ratios, but 
also to a greater abundance of fine roots in the Idaho 
seedlings. Idaho seedlings were smaller with shorter 
needles but more extensive root systems than the Colorado 
stock.
Feret (1982) studied differences in growth rates of 
ponderosa pine. However, this study found that absolute 
growth rates, relative growth rates, and accumulated dry 
weights at the final harvest did not differ significantly 
between mesic and xeric site types. However, moderate 
stress treatments did demonstrate significant family 
differences in shoot-root relationships. Therefore, 
variation may primarily be at the family level or it may be 
phenological.
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In general, Douglas-fir (£S£tf<̂ QtSUgfl menziesii) 
seedlings from xeric interior mountain sites have a 
consistent drought resistance advantage over mesic coastal 
sites. Zavitkovski (1964) found that the shoot/root ratio 
and transpiration rate of seedlings from northeastern 
Washington differed significantly from coastal Oregon 
seedlings. Natural selection in northeast Washington has 
gradually eliminated the seedlings with excessive 
transpiration as well as those with higher shoot/root 
ratios.
Studies on Douglas-fir done by Ferrell and Woodard 
(1966) and Pharis and Ferrell (1966) found no correlation 
between survival and weights of needles, weights of roots, 
or shoot/root ratios. However, a positive relationship was 
found between days of survival and numbers of active root 
tips. Heiner and Lavender (1972) determined similarly that 
little difference existed among all seed sources in the 
ability to produce roots. The differences in the survival 
of seed sources are related to the proportion of each study 
population capable of early, vigorous root growth.
Brix (1979) demonstrated genetic adaptation to dry 
habitats for Douglas-fir in that at any given soil water 
stress, seedlings of xeric ecotypes displayed higher 
relative turgidities than those of mesic ecotypes, as well 
as lower transpiration. Provenance differences were also
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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found in lethal leaf water content, survival, and rates of 
photosynthesis.
Zobel and Goddard (1955) hypothesized the possibility 
that natural selection for a drought resistant ecotype of 
loblolly pine occurred in some localities with
low rainfall.
Many studies have compared seedlings from a locality 
with a low mean annual rainfall with those from several 
other moist localities with respect to their ability to 
survive droughty conditions. Brix (1959) found significant 
differences in survival and amount of leaves produced, i.e. 
smaller leaf quantity per plant in dry site seedlings. 
Knauf and Bilan (1974) found needles from the xeric sites to 
have thicker protective layers, smaller cross-sections and 
volumes, and fewer stomates per unit surface than those from 
mesic sites. Bilan et al. (1977) determined that a lower 
percentage of open stomates and a more drastic reduction in 
transpiration at inceptive moisture stress in foliage were 
two of the characteristics providing an ecotypic advantage 
over the more mesic sites.
In general, the drought resistance of xeric types of 
loblolly pines appears to be due to better stomatal control, 
deeper root systems and wider ranging laterals, smaller 
needles with deeper stomatal pits, and fewer stomata/mm2
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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(van Buijtenan et al, 1976, Cannell et al, 1978),
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MATERIALS AND METHODS
Eigld assign
During the fall of 1981, progeny from 77 native 
ponderosa pine trees from five stands, grown in Leech Super 
Tubes (160 cc) in the state nursery in Missoula, were 
outplanted in a progeny test on reclaimed mine spoils in 
Colstrip, Montana. Fifteen trees from each of five stands 
were used as parent trees of the progeny to be tested. (The 
two additional parent trees were isolated trees which had 
seeded in naturally on unreclaimed spoils.) The progeny test 
was designed as three blocks, with three five-tree plots in 
each block, i.e. five progeny from a single parent were 
planted in a row which was replicated three times throughout 
a single block. Therefore, each family was represented by 
fifteen observations per block, or 45 total observations per 
open-pollinated family (Blake 1982).
The water stress study was designed using this progeny 
test. Twenty of the original parents, chosen on the basis 
of accessibility, and ten previously outplanted offspring of 
each parent were studied.
15
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Analysis
The progeny tests were read for survival in June, 
August, and October of each year following the 1981 
plantings.
The water stress readings were taken on July 12-15, 
August 23-26, and September 16-19, 1983. Pre-dawn, i.e. 
2:00 AM to dawn, plant moisture stress was determined in 
both parents and progeny using a Scholander pressure chamber 
(Waring and Cleary 1967). The readings in July included 
only 110 trees (10 parents and 100 progeny) as this was an 
initial reading to help design the study. The August 
reading included the full 220 trees. The readings in 
September included only 162 trees (20 parents and 142 
progeny) due to unseasonable weather conditions forcing a 
halt to the study.
Statistiçal ApalY&if
To measure the degree of relationship between the 
parents and progeny, calculations for covariance and linear 
correlation coefficients were done using the plant moisture 
stress data. See Appendix D.
A one-way analysis of variance was computed for the 
pressure chamber readings and a two-way analysis (Table 1) 
was computed for the progeny test survival rates of October
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1983. The pressure chamber readings lent themselves easily 
to the analysis, because they are in the form of continuous 
variables. However, since survival rates are percentages, 
an arcsine transformation was used (Steel and Torrie 1980). 
The <*=0.05 significance level was chosen.
TABLE 1
ANOVA
survival.
model with expected mean squares for progeny test
1 SOURCE OF 
1VARIATION DF
MEAN
SQUARES
EXPECTED 1 
MEAN SQUARES I1________ __
1 BLOCKS B-1 MSB II
1 FAMILY F-1 MSF 1I
1 ERROR (B-1)(F-1) MSE 2Op 11(BLOCKS X FAMILIES)
Heritability, the ratio of total additive genetic
variability to total phenotypic variability, was estimated 
using the parent and progeny covariance and components of 
variance obtained from the analysis of the moisture stress 
data.
A Tukey's W multiple comparison procedure was applied
to both the progeny survival data and the moisture stress 
data. As with the ANOVA, an arcsine transformation was 
applied to the progeny test survival prior to the Tukey's
procedure, and the ==0.05 significance level was used in
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each case.
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RESULTS AND DISCUSSION
Many studies have investigated the distribution of 
variation in conifers over a broad geographic range
(Campbell and Franklin 1980, Squillace and Silen 1962, 
Lundkvist and Rudin 1977), Results of these, and similar, 
studies have indicated that most of the variation exists 
within individual populations, with a small proportion due 
to differences between populations. Fewer studies have 
investigated genetic differences among populations over 
small areas. Differentiation has been found to exist 
between stands separated by distances of less than 1 km
(Mitton et al. 1977, Sakai and Park 1971).
The area surrounding Colstrip, Montana offers an
opportunity to study local variation, due to the
distribution of ponderosa pine, i.e. small, isolated stands 
on rocky hills.
Water Stress
In July, the seedlings were not under a very high 
degree of water stress, ranging from 0.60 to 2.20 MPa with a 
mean of 1.04 MPa. Water stress increased to a fairly high 
level in August, 0.80 to 4.10 MPa with a mean of 2.10 MPa,
19
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and September, 1.15 to 4,70 MPa with a mean of 2.28 MPa. 
(See Appendix A for parent and progeny means by family.)
Calculations of linear correlation did not show the 
coefficients to be very high ranging from 0.02 to 0.13 
(Table 2 and Figure 1).
TABLE 2
Summary of water stress calculations.
1 I JULY AUGUST SEPTEMBER
1 PARENT MEAN | 1 1.29 1.53 1.67
1 PARENT VAR. | 1 0.017 0.038 0.023
I PROGENY MEAN I 1.04 2.10 2.281 1 
1 PROGENY VAR. | 1 1 0.017 0.091 0.016
1 COVARIANCE | 0.0003 0.003 0.00241 1 
1 CORRELATION |1 1 0.02 0.05 0.13i 1 
1HERITABILITY | 0.07 0.32 0.42
The analysis of variance applied to the water stress 
data resulted in calculated F-values showing no significant 
difference between families in July. However, significant 
differences did appear in the results of both the August and 
September measurements.
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FIGURE 1
Scattergrams of parent-progeny correlations for (a) 
July, (b) August, (c) September.
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TABLE 3
month
Analysis of variance for water stress of progeny by 
(a) July, (b) August, (c) September.
(a)
1 SOURCE 1 1 ___________ __ DF SS MS F 1
1 BETWEEN 1 
1 FAMILIES 1 9 1,26
1
0.14 1.4111 I
1 WITHIN 1 
1 FAMILIES 11 90 8.88
1
1
0.099 I
1 TOTAL I 99 10.15
1
1
F(f)=1.41 where F(0.05)=2.00 Not significant
(b)
1 SOURCE 1t ______ 1 _. DF SS MS F 11 1 
1BETWEEN 1 
1 FAMILIES 1I 1 19 17.21
1
0.91 2.3911
1WITHIN 1
1 FAMILIES 1 1 1 180 69.21
1
1
0.38 111 1 
1 TOTAL 1 199 86.42
1
1
F(f)=2.39 where F(0.05)=1.59 Significant
(c)
1 SOURCE 11 _ Î DF SS MS F 11 1
1 BETWEEN 1
1 FAMILIES 1 1 1 19 23.55
i
1,24 2.95111 1 
IWITHIN 1 
1 FAMILIES 1 142 60.70
1
1
0.42 111 1 
1 TOTAL 1 161 84.25
1
1
F(f)=2.95 where F(0.05)=1.59 Significant
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The estimates of the heritability of water stress 
susceptibility or, conversely, drought resistance, in July 
was not very high, with a value of 0.03. However, the 
estimates increased in August and September with values of 
0.32 and 0.44 respectively (Table 2).
Significance rankings using the Tukey' W procedure were 
done to provide information concerning selection for 
superior drought resistant families (Figure 2).
Pgbqeny Test
Analysis of the survival of the progeny test was done 
as a comparison to the water stress results, i.e. to 
determine if family differences exist with respect to 
survival. The combined three year survival of the three 
blocks of the progeny tests as of October 1983 can be seen 
in Appendix C. The percent survival for each stand did not 
seem to differ by any great amount. An analysis of variance 
for stands x blocks, showed no significant differences 
existed between the stands at the «=0.05 level (Table 5).
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FIGURE 2
Tukey's W multiple comparison procedure significance 
rankings for water stress data, lowest stress to highest 
stress, (a) August, (b) September. Lines indicate no 
significant family differences.
(a)
(b)
N-18 
L- 4 
L-21 
L- 6 
L-26 
L- 1 
N-38 
J-44 
J-34 
J-29 
N-32 
J—35 
L-15 
J—31 
J-49 
J-37 
N-40 
N-30 
N-27 
L-19
N-18 
L- 1 
J-35 
J-29 
L-26 
J-49 
N—40 
J-31 
L— 6 
N-38 
J—37 
L—21 
J-34 
N-32 
N-27 
L— 4 
L-19 
J-44 
L-15 
N-30
N—18 — N—30 
L— 4 — L—19
N—18 — L— 4 
L — 1 — L—19 
J-29 - N-30
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
P age 27
The analysis of variance for families x blocks resulted 
in calculated F-values showing significant differences 
between blocks and families at the « =0.05 level (Table 4).
TABLE 4
Analysis of variance for October 1983 reading of 
progeny test survival. An arcsine percentage transformation 
was applied prior to the analysis to change discrete 
survival values to continuous values. (a) ANOVA of stands x 
blockSf (b) ANOVA of families x blocks.
(a)
(b)
1 SOURCE 1 DF SS MS Fj_________I__
1 STANDS 1 4 20517.79 5129.45 2.571 1 
1 BLOCKS 11 I 2 83998.37 41999.19 21.05
1 ERROR 1I 1 8 15958.11 1994.76
1 TOTAL 1 14 120474.27
F(S)=2.57
F(b)=2l.05
where
where
F{0.05)=3.84
F(0.05)=4.46
Not significant 
Significant
1 SOURCE 1 DF SS MS F
1 1 jFAMILIES 11 1 74 12993.67 175.59 1.361 1
1BLOCKS 1 1 1 2 5599.95 2799.95 21.731 1 
1 ERROR 1 1 1 148 19066.34 128.831 1 
1TOTAL I 224 37659.91
F(f)=1.36
F(b)=21.73
where
where
F(0.05)=1.30
F(0.05)=3.00
Significant
Significant
Significance rankings for survival using the Tukey's W 
procedure were again done to provide information on 
selection for increased survival.
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FIGURE 3
Tukey's W multiple comparison procedure significance 
rankings for progeny test survival data. Lines indicate no 
significant family differences.
L- 6 
S-19 
J—31 
J-37 
L-15 
L-34 
P-16 
S-40 
S— 3 
J-11 
S- 1 
L-19 
J-35 
N- 8 
L-41 
L—32 
L— 4 
L—23 
P- 4 N-12 
P-35 
N-32 
J-49 
S- 5 
S-30 
N-18 
P—46 
N-17 
J-21 
N-30 
N-40 
J-50 
J-17 
P-19 
S-47 
S-22 
N-27 
N-38 
L- 1 
J- 5 
L-47 
J-44 
S-25 
P-11 
J-29
L- 6 
S-19 
J-31 
J-37 
L-34 
N- 8 
L- 4 
P-35 
S-30 
J-21 
P-14 
N—21
N-12 
P- 3 
L-42 
P-14 
N-42 
J-24 
P- 7 
S-12 
S-14 
N-36 
N-21 
N— 1
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S-18
S-21
P- 5
L-37
L-21
P- 3
P-25
P-27
J- 6
N- 9
N-25
S-41
S- 4
L—26
J-34
L-42
P- 1
P-14
L-12
J-39
P-39
N-42
J-24
P-36
P- 7
S-12
S-14
N-36
N-21
N— 1
The summer of 1983 was a good summer to perform a water 
stress study. That year was a particularly dry year, with 
summer temperatures reaching a maximum of 109F.
Meterological records from 1941 to 1983 show only two drier 
years - 1979 and 1980 (Wagner, pers, comm., Meterological 
Station 1983). Of particular importance is the low amount 
of snow during the winter months as well as the low amount 
of rainfall in March and April, as compared to 1982. Very
little soil moisture recharge at the beginning of the 1983
growing season could undoubtedly create problems. If
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differences in drought resistance were to exist, this high 
stress situation would make the measure of these differences 
possible.
Drought resistance of certain species has been 
attributed to many physiological and morphological 
adaptations. No common cause of drought resistance can be 
expected. During extreme or record droughts, observations 
on tree survival in nurseries, forests, and plantations 
often provide clues to the adaptive mechanisms of trees for 
resisting droughts. But the determination of factors 
responsible for differences in drought resistance are only 
expected to result from elaborate experiments.
Mechanisms of drought resistance may involve a 
reduction of the energy load on leaves, maintenance of the 
water status in transpiring organs, a decrease in foliar 
water loss, and root water absorption during periods of low 
or decreasing soil moisture (Bilan et al. 1981, Hinckley et 
al. 1979, 1981, Parker 1968a, 1968b,Pezeshki and Hinckley
1982}. Unfortunately, this study was unable to measure such 
parameters.
Presumably, a major adaptation of ponderosa pine in 
Colstrip is the capacity for extensive root growth. Rooting 
depth has been studied in the Colstrip area for natural 
trees. Stout (1980) found that the maximum rooting depth at
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the base of a mature tree can extend from 18 to 149 cm, with 
the maximum rooting depth of the laterals extending from 40 
to 122 cm. Trees growing on old spoils were found to have 
roots 38 to 43 cm below the root crown and 18 to 30 cm for 
the laterals.
Tree roots, particular in arid areas, are usually 
concentrated in the upper 30 - 38 cm of the root zone with 
occasional roots going deeper depending on the conditions in 
the substrate. Root systems examined at Colstrip appeared 
to exhibit the same pattern. The roots were concentrated in 
the upper 30 cm or so of the substrate, with roots at 
greater depths being less frequent. However, the lateral 
extension of the roots was found to be as large as 15 m. 
Symbiotic relationships with soil fungi increase the surface 
area of the roots to an even larger extent, since no tree 
was found that did not have some mycorrhizal fungus mats 
associated with the roots (Stout 1980).
Richardson (1981) examined root growth in natural 
ponderosa pine seedlings in the Colstrip area. The root 
capacity in moist, coarse-textured soils was found to be 
very high, i.e. a root/shoot ratio of 16:1. Root/shoot 
ratios for young pine seedlings in other areas ranged from 
6:1 to 13 :1.
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Although no rooting depth measurements were taken on 
the outplanted seedlings, this is also a possible mechanism 
of major importance in the ability of seedlings to survive 
in such arid conditions. Young seedlings in the absence of 
a well developed root system should be capable of enduring 
short droughty periods by drought avoidance mechanisms. 
However, even this may be exceeded if moisture is not 
available and high evaporative demand persists.
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CONCLUSIONS
The results of this study did not show a high 
correlation between progeny and parent performance with 
respect to plant moisture stress. Analysis of variance for 
water stress, however, showed significant differences to 
exist between families in August and September. 
Heritability estimates were low in July, H=0.03, but 
increased in August, H=0.32, and September, H=0.44. The 
results seem to indicate substantial genetic control and 
that ponderosa pine will respond favourably to selection.
Tukey's W multiple comparison procedures applied to 
family water stress provided a ranking of families from 
lowest to highest stress to identify the superior families 
with respect to their ability to withstand drought.
For comparison to the water stress results, analysis of 
variance for combined three-year survival was done. 
Subsequent F-values showed there to be a significant 
difference between families. The Tukey's W procedure 
applied to family survival also provided a significance 
ranking of families from highest to lowest survival.
33
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This study provides evidence that, although there does 
not appear to be a high parent-progeny correlation, 
inheritance of some form of drought resistance mechanism 
does take place. That is, at this point, juvenile 
performance cannot be predicted by mature performance. But, 
the possibility exists for selection of superior progeny 
using both survival rates and plant moisture stress 
analysis.
A follow-up nursery water stress study should be done. 
In this type of study, almost complete control of any 
environmental factors affecting the seedlings could be 
achieved. Other studies that could increase the knowledge 
of the adaptation of Colstrip seedlings to their arid 
environment include physiological studies on root extension, 
stomatal control, leaf adaptations, and other possible 
drought resistance mechanisms.
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APPENDIX A
MEANS OF WATER STRESS ANALYSIS (MPa) BY MONTH 
(a) JULY, (b) AUGUST, (c) SEPTEMBER
(a)
1 FAMILY 
1NUMBER PARENT PROGENY 1
1 J-34 1.30 0.97 1
1 J—35 1.27 1.07 1
1 J-37 1.25 1.29 1
1 J-49 1.03 0.95 1
1 L- 1 1.45 1.13 1
I L— 6 1.27 0.88 1
1 L-15 1.25 1.11 1
1 N-18 1.18 1.01 1
1 N-32 1.35 1.14 1
1 N-38 1.50 0.87 1
(b)
1 FAMILY 
1 NUMBER PARENT PROGENY 1
1 J-29 1.18 2.03 1
1 J-31 1.52 2.29 1
1 J-34 1.50 2.00 1
1 J-35 1.33 2.19 1
1 J-37 1.38 2.36 1
I J—44 1.18 1.99 1
1 J-49 1.50 2.33 1
I L— 1 1.73 1.84 1
! L— 4 1.78 1.68 1
1 L- 6 1.70 1.83 I
1 L—15 1.58 2.27 1
1 L-19 1.88 2.62 1
1 L-21 1.55 1.75 1
1 L-26 1.60 1.84 1
1 N-18 1.55 1.51 1
1 N-27 1.65 2.51 1
1 N-30 1.60 2.41 1
1 N-32 1.33 2.13 !
1 N-38 1.30 1.96 i
1 N-40 1.70 2.40 1
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(c)
1 FAMILY 
1 NUMBER PARENT PROGENY 1
1 J-29 1.68 2.12 1
1 J-31 1.40 2.23 1
1 J-34 1.53 2.33 1
1 J-35 1.63 1.58 1
1 J-37 1.60 2.29 1
1 J-44 1.38 2.74 I
1 J-49 1.50 2.15 1
1 L- 1 1.70 1.57 1
1 L- 4 1.73 2.48 1
1 L— 6 1.60 2.27 1
1 L-15 1.60 2.88 1
1 L-19 1.93 2.65 1
1 L-21 1.63 2.29 1
1 L-26 1.83 2.14 1
1 N-18 1.68 1.54 I
1 N-27 1.70 2.47 1
1 N-30 1.88 3.04 1
1 N-32 1.85 2.36 I
1 N-38 1.80 2.27 1
I N-40 1.73 2.21 1
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APPENDIX B
MEANS OF WATER STRESS ANALYSIS (MPa) BY BLOCK 
(a) AUGUST, (b) SEPTEMBER
(a)
I 1 BLOCK 11 1 1
1 FAMILY 1 1 2 3 1
1 J-29 1 2.21 2.02 1.78 1
1 J-31 1 2.74 2.17 1.80 1
1 J-34 1 2.51 2.27 1.03 1
I J-35 1 2.49 2.77 1.55 I
I J-37 1 3.00 2.48 1.37 1
i J-44 1 2.30 2.07 1.50 1
1 J-49 1 2.70 2.33 1.82 1
1 L- 1 1 1.69 1.85 2.02 j
1 L- 4 1 1.67 1.77 1.60 1
1 L- 6 1 1.94 2.12 1.40 1
1 L-15 1 2.85 2.38 1.38 1
1 L-19 1 3.46 2.53 1.58 1
1 L-21 1 2.19 1.53 1.33 1
1 L-26 1 2.10 1.82 1.52 !
1 N-18 1 1.46 1.82 1.27 1
1 N-27 1 3.05 2.77 1.53 1
1 N-30 1 2.71 2.50 1.90 1
I N-32 1 2.06 2.04 1.23 1
1 N-38 1 2.15 2.23 1.43 j
1 N-40 1 2.64 2.58 1.57 1
1 BLOCK I
1 MEANS 1 2.40 2.20 1.53 1
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(b)
BLOCK
FAMILY I 1 2 3
J-29 1 2.28 1.88 2.08
J-31 1 2.44 2.35 1.92
J-34 ! 2.84 2.03 1.85
J-35 1 1.60 1.70 1.50
J-37 1 2.84 1.55
J-44 1 3.24 2.08 2.52
J-49 1 2.53 — 1.65
L- 1 1 1.60 1.60 1.52
L— 4 1 2.34 3.65 2.27
L- 6 1 2.64 2.00 1.87
L-15 1 3.38 2.25 2.42
L-19 1 3.70 1.55 1.62
L-21 1 3.16 1.80 1.28
L-26 1 2.30 2.04 2.25
N-18 1 1.38 1.25 1.80
N-27 1 3.01 2.62 1.60
N-30 1 3.34 3.20 2.58
N-32 1 2.65 — 1.97
N-38 1 2.68 —  — 1.73
N-40 1 2.40 2.28 1.90
BLOCK 1
MEANS i 2.62 2.14 1.89
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APPENDIX C
COMBINED THREE YEAR SURVIVAL OF PROGENY TESTS
AS OF OCTOBER 1983 
(survival/number planted)
1 STAND S I
1I _ _ _ _ _ _ _ _ _ _ BLOCK
1 FAMILY
1 —  --
1 1 .I __________ 2 3 1
1 S- 1 1 8/15 8/15 14/15 1
1 S— 3 1 13/15 6/15 12/15 1
1 S- 4 1 5/15 8/15 10/15 1
1 S— 5 1 4/15 11/15 13/15 1
1 S-12 1 6/15 5/15 6/15 1
1 S-14 1 2/15 7/15 8/15 I
1 S-18 1 7/15 8/15 10/15 t
1 S-19 1 10/15 14/15 11/15 1
1 S-21 1 6/15 9/15 10/15 1
1 S-22 1 7/15 12/15 7/15 1
1 S-25 1 7/15 9/15 10/15 1
i S-30 I 6/15 12/15 10/15 i
1 S-40 1 5/15 8/15 10/10 1
1 S-41 1 5/15 6/15 12/15 1
1 S-47 1 8/15 9/15 10/15 i
1 STAND SURVIVAL TOTAL 384 1
1 TOTAL PLANTED 670 1
SURVIVAL 57%
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1 STAND P 1
1 1 BLOCK 1
1 FAMILY 1 1 2 3 1
1 P- 1 1 4/15 11/15 7/15 1
1 P- 3 1 8/15 8/15 9/15 1
1 P- 4 1 7/15 7/15 14/15 1
1 P- 5 1 10/15 6/15 9/15 i
1 P- 7 1 3/15 6/15 9/15 I
1 P-11 t 9/15 9/15 8/15 1
1 P-14 1 2/15 8/15 12/15 1
1 P-16 1 14/15 9/15 8/15 1
1 P-19 1 10/15 10/15 7/15 1
1 P-25 1 10/15 6/15 8/15 1
1 P-27 1 7/15 9/15 8/15 1
1 P-35 1 11/15 7/15 11/15 1
1 P-36 1 6/15 4/15 8/15 1
1 P-39 I 4/15 9/15 8/15 1
1 P-46 1 7/15 9/15 12/15 1
1 STAND SÜRVIVAI TOTAL 368 1
1 TOTAL PLANTED 675 I
SURVIVAL 55%
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STAND N
1 1 BLOCK1 1
1 FAMILY i 1 2 3
1 N- 1 1 0/5 8/15 0/0
1 N- 8 1 9/15 9/15 10/12
1 N- 9 1 5/15 9/15 10/15
1 N-12 1 9/15 8/15 12/15
1 N-17 1 8/15 11/15 9/15
1 N-18 I 6/15 12/15 10/15
1 N-21 1 2/10 11/15 0/0
1 N-25 [ 7/15 3/15 13/15
1 N-27 1 6/15 9/15 11/15
1 N-30 I 5/15 10/15 12/15
1 N-32 1 9/15 9/15 11/15
1 N—36 1 4/15 7/15 3/10
1 N-38 1 6/15 11/15 9/15
1 N-40 1 5/15 12/15 10/15
1 N-42 I 4/15 3/15 13/15
I STAND SURVIVAL TOTAL 350
TOTAL PLANTED 622 
SURVIVAL 56%
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STAND L
1 1 BLOCK
1 FAMILY 1 1 _______ 1 1 2 3
1 L- 1 1 7/15 8/15 11/15
1 L- 4 1 4/15 13/15 12/15
1 L- 6 1 12/15 10/15 15/15
1 L-12 1 5/15 7/15 9/15
1 L-15 1 10/15 8/15 14/15
1 L-19 1 10/15 10/15 11/15
1 L—21 1 9/15 7/15 9/15
1 L-23 1 7/15 12/15 10/15
1 L-26 1 4/15 11/15 8/15
1 L-32 1 7/15 11/15 12/15
1 L—34 1 11/15 12/15 9/15
1 L-37 1 7/15 10/15 8/15
1 L-41 1 9/15 13/15 8/15
1 L—42 1 5/15 9/15 9/15
1 L-47 1 5/15 10/15 11/15
STAND SURVIVAL TOTAL 419 
TOTAL PLANTED 675 
SURVIVAL 62%
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1 STAND J 1
1 1 BLOCK 1
[FAMILY 1 1 2 3 1
1 J— 5 1 8/15 7/15 11/15 1
! J— 6 1 8/15 8/15 8/15 1
1 J-11 I 8/15 13/15 9/14 I
1 J-17 1 10/15 6/15 11/15 [
1 J-21 1 5/15 13/15 9/15 1
1 J-24 I 3/15 7/15 6/10 I
1 J-29 1 4/15 12/15 9/15 !
1 J-31 1 11/15 8/15 14/15 1
1 J-34 1 8/15 4/15 11/15 I
1 J-35 1 10/15 10/15 11/15 1
1 J-37 1 11/15 10/15 12/15 1
1 J-39 1 7/15 4/15 10/15 !
1 J-44 ! 10/15 5/15 11/15 1
1 J-49 1 10/15 9/15 10/15 1
I J-50 1 5/15 10/15 12/15 1
1 STAND SURVIVAL TOTAL 398 1
1 TOTAL PLANTED 669 I
SURVIVAL 59%
STAND A 
BLOCK
FAMILY
A- 1 
A- 2
11/15
7/15
9/15
7/15
10/15
6/12
STAND SURVIVAL TOTAL 50 
TOTAL PLANTED 87 
SURVIVAL 57%
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APPENDIX D 
STATISTICAL ANALYSES
E.a.I.fint~PgQqgny correlation, when two characters are
measured, it is important to know, in addition to their
means and variances, whether the characters are related or 
not, and what is the degree of their relationship, if any 
exists. A useful characteristic in this regard is 
covariance.
The covariance is a measure of how two observations
vary together. These two observations may be taken on the 
same individual, or the observation may be of one trait 
observed in two relatives. If the two observations vary 
closely together, then the covariance will be large. If 
they are relatively independent of each other, the 
covariance will be small. The covariance is negative when 
the two observations vary in an inverse fashion.
Theoretically, it can vary from -« to +» (Becker et al. 
1972, Elandt-Johnson 1971) .
The actual definition of covariance is the expected 
value of the product of deviations of X and Y from their 
respective means (Elandt-Johnson 1971). The covariance is 
calculated in the following way: 
cov(xy)=zxy/(n-l) where 
Zxy=E XY-zXzY/n
X=observations for parent tree 
Y=observations for progeny of this parent
Covariance itself is not a convenient measure of 
closeness of relationship. It depends on the units in which 
X and Y are measured. The measure of the degree of 
relationship between two characters should rather be some 
type of index, not depending on any particular kind of 
units, such as the linear correlation coefficient. The 
linear correlation coefficient of two random variables X and
Y is defined as ____________
r=cov(X^Y)/'/var (X) var (Y) (Elandt-Johnson 1971).
The correlation coefficient is a pure number ranging 
from —1 to +1 with no distinctions made for independent and 
dependent variables. A correlation close to zero indicates 
that the two variables are independent while a high linear 
correlation (near +1 or -1) indicates a close relationship 
(Becker et al. 1972).
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Heritabillty» Two types of heritability, broad-sense 
and narrow-sense, yield valuable information. Broad-sense 
heritability considers genotype as a unit in relation to the 
environment. Heritability in the narrow—sense expresses the 
fraction of the phenotypic differences between parents which 
one expects to recover in the offspring - a practical 
interpretation to heritability. Heritability in the 
broad-sense considers total genetic variability in relation 
to the phenotypic variability, while heritability in the 
narrow—sense considers only the additive portion of the 
genetic variability in relation to the total phenotypic 
variability (Graham 1982). This study is basically
dealing with heritability in the narrow sense.
Statistically, heritability (H) equals the ratio of the 
total additive genetic variability (V ) to the total 
phenotypic variance (V ) ^
=4(cov(XY))
V =s2 or the total phenotypic variance. The 
covariance  ̂of relatives is used to estimate the genetic 
variances of a population. If values are expressed as 
deviations from the population mean then the mean value of 
the half-sib offspring is by definition half the breeding 
value of the parent. However ,the additive variance of 
4 (cov(XY)) is used as a conservative estimate, since the 
study is dealing with open pollinated progeny where only one 
parent is known. Therefore, it is only possible to measure 
one-quarter of the additive genetic variance. Heritability 
can vary between zero and one, with it always being positive 
(Becker et al. 1972).
A high heritability, or genetic control, generally 
means that the trait will respond readily to selection while 
a low heritability often is an indication that a trait will 
respond slowly to individual selection (Becker et al. 
1972).
Tukey's H Multiple CoiBRai.liSfln The Tukey|s W
procedure was chosen for its moderate degree of sensitivity, 
but good control over overall error rate. The general
formula involved is _____
IV -ÿ.!>W where W=q^(t,v)vMSE/n
MSB is the mean square within samples based on v 
degrees of freedom
q^(t,v) is the upper-tail critical value of the 
Studentized range for comparing t different populations 
n is the number of observations in each sample
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